Background/Objectives: There is a high prevalence of diabetes mellitus associated with insulin resistance in Indian adults, probably due to an inappropriately high accumulation of body fat at lower body mass indices (BMIs, kg/m 2 ), as well as to a lower skeletal muscle mass. Although skeletal muscle is an important site of glucose disposal, the strength of its association with insulin sensitivity (IS) is unknown in the Indian population. Subjects/Methods: This was a cross-sectional study performed to assess the association of body fat, muscle and muscle function with IS in 51 young, healthy, nonobese Indian men with BMI ranging from 15 to 25 kg/m 2 , using hyperinsulinemic euglycemic clamp method. Results: The median IS was 5.32 (mg/(kg min))/(mU/ml), lower, upper quartile, 4.03, 6.56); (SI units: 4.25, lower, upper quartile, 3.22, 5.24 (mmol/(kg min))/(pmol/l)). A multiple linear regression of the natural log transformed value of IS on BMI and body muscle mass measured as the appendicular lean soft tissue (expressed as a percentage of body weight) explained 49% of the variance in IS. Independently, body fat percent and muscle (handgrip) strength showed significant bivariate correlations with IS (r ¼ À0.61, Po0.001; r ¼ 0.32, P ¼ 0.027, respectively), although these variables did not enter into the multiple regression. Conclusions: BMI and body fat have been shown to be inversely related to IS at higher BMIs. This study indicates that a relative increase in BMI and reduced muscle mass and possibly function are also associated with reduced IS in lean Indian men.
Introduction
Diabetes is a large emerging problem in India (Mohan et al., 2007) . Insulin resistance (IR) in Indians as in other populations is strongly associated with measures of overall obesity and the location of body fat (Banerji et al., 1999; Misra and Vikram, 2002) . The greater predilection for Indians to develop IR at a lower body weight may, in part, be due to their relatively higher adiposity at a lower body mass index (BMI) compared with other ethnic groups, both within and outside Asia (Chowdhury et al., 1996; Banerji et al., 1999; Dudeja et al., 2001; Deurenberg-Yap et al., 2002 ). An alternative explanation may be that Indians have lower muscle mass or muscle function that contributes to reduced insulin sensitivity (IS). For instance, during insulin clamp studies, the insulin sensitivity index of migrant Indians remained lower than age and BMI matched Caucasians even after adjusting for total body fat and truncal skinfold thickness, suggesting alternative explanations (Chandalia et al., 1999) . Differing physical activity patterns (Raji et al., 2001) and/or muscle mass/function are among the alternative explanations.
Total body muscle mass has an independent effect on IS and glucose disposal (Houmard et al., 1991; Ebeling et al., 1993; Dela et al., 1995; Poehlman et al., 2000) . In this context, up to a third of the Indian population have low BMIs (NFHS-3 data), and may have low muscle strength (Vaz et al., 1996) and low muscle mass stores (Kurpad et al., 2003) might be at increased risk of developing IR during the nutrition transition. Additional muscle characteristics, as for instance, the distribution of muscle fiber type, may also help explain the development of IR (Hedman et al., 2002) and it also provides a link with muscle functionality such as muscle endurance (Taylor and Bachman, 1999) .
There are no studies to the best of our knowledge that have evaluated the association of muscle mass or function in Asian Indian residents in India. We therefore undertook this study to evaluate the body composition determinants, including muscle mass, of IS using dual-energy X-ray absorptiometry (DEXA) and the hyperinsulinemic euglycemic clamp, respectively. In addition, we also evaluated skeletal muscle (SM) mass strength and endurance in the forearm to assess associations between IS and muscle function in young Indian men of low to normal BMI.
Materials and methods
A total of 51 young men (aged 18-35 years) were recruited through advertisements in and around St John's Medical College campus and nearby urban slums. Informed consent was obtained from each of them. All were in good health and none of the subjects reported family history of diabetes in their parents or siblings. The institutional ethical review board of St John's Medical College approved the research protocol.
Anthropometry, body fat, muscle mass and muscle function Subjects were weighed to the nearest 0.1 kg, and their heights recorded to the nearest 0.1 cm. Whole-body and regional body composition was estimated using DEXA (Model DPXMD 7254; Lunar Corporation, Madison, WI, USA). Appendages were isolated from the trunk and head by using default lines with manual adjustment, on the anterior view planogram. Legs and arms were defined as the soft tissue extending from a line drawn through and perpendicular to the axis of the femoral neck and angled with the pelvic brim to the phalange tips and the soft tissue extending from the center of the arm socket to the phalange tips, respectively. Appendicular lean soft tissue (ALST), which has been found to be well correlated with total-body SM mass measured by magnetic resonance imaging (Kim et al., 2002) , was used as a surrogate for whole-body SM. The total body fat was also measured by DEXA and both fat and muscle (ALST) were expressed as a percentage of body weight (%BF and %ALST). The waist and hip circumferences were measured using a standard nonstretchable tape measure, at the narrowest point between the iliac crest and ribcage (waist) and at the level of the greater trochanter (hip).
A series of tests were performed to evaluate nondominant forearm flexor muscle function by hand grip dynamometry (Vaz et al., 1996) . All tests were conducted in the morning, in the fasted state, between 0800 and 0930 hours. Maximal voluntary contraction (MVC) was recorded five times, with constant encouragement, with an interval of at least 1 min between each measurement, and the best value was used in analysis. The MVC was corrected for forearm size (standardized MVC, SMVC) by dividing it by the forearm muscle area (FAMA) calculated as described earlier (Vaz et al., 1996) . Rate of decline of a sustained MVC was recorded, up to when 50% of the starting value was reached and this rate (kg/s) taken as an index of static endurance. Subjects were asked to repeatedly contract their forearm flexors at a rate of once every 2 s starting at their maximal contraction. The rate of decline to 50% of this starting value was taken as an index of dynamic endurance.
The tests were performed in random order, but with adequate rest between the tests.
Hyperinsulinemic euglycemic clamp
Subjects reported to the laboratory in the evening before the study. At 0630 hours after an overnight fast of 10 h, an intravenous catheter (Jelco 22G; Medex Medical Ltd, Lancashire, UK) was inserted, under sterile precautions, into the antecubital vein for infusion of insulin and 25% dextrose solutions. Another catheter was inserted in an antiflow direction into the dorsal vein of the contralateral hand for arterialized blood sampling (using a warm box maintained between 60 and 65 1C) and kept patent using a slow intravenous drip of isotonic saline.
The insulin infusate of 300 mU/ml (SI: 2083.50 mmol/l) was prepared by diluting regular human insulin (Eli Lilly and Company, Gurgaon, India) with 100 ml isotonic saline and 4 ml of the subject's whole blood (previously drawn). A sterile 25% dextrose solution was used to prevent hypoglycemia during the hyperinsulinemic euglycemic clamp. Insulin and glucose infusions began 30 min following cannulation, after blood samples were collected for baseline glucose and insulin measurements.
The protocol for performing the clamp was as described earlier (DeFronzo et al., 1979) . Briefly, a 10-min priming insulin infusion was followed by a constant infusion for the next 110 min at the rate of 40 mU/m 2 (SI: 277.80 pM/m 2 ) surface area per minute, by a calibrated infusion pump (Harvard Infusion Pump 55-2222; Harvard Apparatus, Holliston, MA, USA), to increase the plasma insulin concentration to about 100 mU/ml (SI: 694.50 pM/l) (DeFronzo et al., 1979) . The glucose infusion, also delivered by a Harvard Infusion Pump, began at the 4th minute and the infusion rate was empirically set at 2.0 mg/kg per min (SI: 0.01 mM/kg per min) up to 10th minute. Subsequent glucose infusion rates were based on arterialized plasma glucose values obtained every 5 min. Plasma glucose concentration was maintained at an average basal value of 90 mg/100 ml (SI: 5.00 mM/l). The blood samples for glucose measurements were drawn into ethylenediaminetetraacetate (EDTA) tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and the separated plasma analyzed by the glucose oxidase method on a bedside glucose analyzer (GM9D; Analox Instruments, London, UK). The intra-assay coefficient of variation for this method (using 144.1 mg/100 ml (8 mM/l) standards) was o1%, whereas the interassay coefficient of variation was o5%. The formula used for periodic corrections of glucose infusion rates was:
where, S i is setting of infusion pump at time i, SV i setting for volume compartment and SM i setting for metabolic compartment.
SV i was calculated as:
19Âbody weightÞ 15Âbody weight where G d is desired plasma glucose in mg/100 ml and G i actual plasma glucose at any time i in mg/100 ml. Multiplication by 10 converted the units from mg/100 ml to mg/l, whereas '0.19 Â body weight' was the glucose space in liters. A pump factor was not included as the diameter of the syringe was already accounted for in the pump control input. Further calculation for determining the metabolic compartment and space correction for glucose to obtain the set rates was carried out as described earlier (DeFronzo et al., 1979) . The final set rate was multiplied by the pump error value, which was estimated by gravimetrically calibrating the pumps used for dextrose and insulin infusions.
Biochemical evaluations
Blood samples for glucose measurements were drawn into EDTA tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and the separated plasma analyzed by the glucose oxidase method on a bedside glucose analyzer (GM9D; Analox Instruments). The intra-assay and interassay coefficients of variation for this method (using 144.1 mg/100 ml (SI: 8.00 mmol/l) standards) were o1 and o5%, respectively. Blood samples for insulin measurements were collected every 20 min in heparinized tubes (Becton Dickinson) and plasma stored at À80 1C until analysis, by an electrochemiluminescent method (Roche Diagnostics, Mannheim, Germany). The intra-assay and interassay coefficients of variation for this method (using trilevel lyophilized serum controls (Bio-Rad, Irvine, CA, USA)) were o5 and o10%, respectively. The method and formula used for the calculation of the glucose disposal rate and IS was as previously described (DeFronzo et al., 1979) . Fasting plasma adiponectin was analyzed in 39 subjects by ELISA (BioVendor, Brno, Czech Republic). The intra-assay and interassay coefficients of variation for this method were 6.5 and 7.5%, respectively. Blood samples for total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides and high-sensitivity C-reactive protein (hs-CRP) were drawn in EDTA tubes (Becton Dickinson) and the separated plasma was used for analysis in 42 subjects. Plasma total cholesterol, triglycerides and HDL cholesterol were measured by photometric method (Dade Behring, Newark, DE, USA). Plasma hs-CRP was measured using nephelometric method (Siemens Healthcare Diagnostics, Deerfield, IL, USA). The intra-assay and inter-assay coefficients of variation were o3% for total cholesterol, HDL cholesterol, triglycerides and o7% for hs-CRP.
Indirect calorimetry and substrate oxidation
The energy derived from net fat oxidation was calculated from measurement of respiratory gas exchange using indirect calorimetry, as described earlier (Shetty et al., 1987; Kurpad et al., 1998) and was measured at baseline and subsequently at the end of the first and second hour of the clamp experiment for a period of 15 min at each time point. First, resting energy expenditure (EE) was calculated from measurement of oxygen consumption and CO 2 production (Elia and Livesey, 1988) . Then nonprotein EE and nonprotein gaseous exchange were calculated assuming that protein oxidation accounts for 12% of EE, based on the habitual dietary intakes of the subjects. The nonprotein respiratory quotient was used to calculate the percent of nonprotein energy derived from fat oxidation (F%) (Kurpad et al., 1994) , whereas the rest of the nonprotein energy was derived from carbohydrate oxidation. Incremental glucose or lipid oxidation (GOX or LIPOX) during the clamp (average of first and second hour) was calculated as the difference between clamp and baseline rates of oxidation of the respective substrates. Nonoxidative glucose metabolism (NOGM) was calculated as the difference between glucose disposal rate and GOX.
Statistics
The data are expressed as median and quartiles. Pearson's correlations were performed between the clamp parameters and functional variables. Spearman's rank correlations were performed between IS and functional variables because IS was not normally distributed. All the variables that had significant univariate correlations with clamp parameters were used in a stepwise multiple linear regression to assess significant predictors of those clamp parameters. Due to a non-normal distribution, IS values alone were natural log transformed (Ln(IS)). Results were considered significant if Po0.05.
Results
The age, anthropometry, DEXA results of body composition and indices of muscle function are described in Table 1 . The subjects were mostly lean, with percentage body fat ranging from 5.0 to 30.2%. Because preliminary analyses showed that muscle and fat mass were closely related to body weight (r ¼ 0.88 and 0.89; Po0.001, respectively) and muscle strength closely related to FAMA (r ¼ 0.50, Po0.001, n ¼ 47), these variables were standardized for weight (percentage body fat or muscle) or FAMA (SMVC), before being used for correlation or regression analyses. The dependent variable of interest (in this case, IS) was found to be not normally distributed, and was log transformed for further analyses.
Glucose disposal rate and IS were measured in 51 subjects and these variables were understandably highly correlated (r ¼ 0.86, Po0.001); their range and median (lower, upper quartile) values are given in Table 2 along with the fasting plasma insulin and glucose values. Mean EE and respiratory quotient (RQ) during the clamp was significantly higher than the baseline values (Po0.001); the change in RQ between basal and insulin stimulated state (DRQ) was 0.04±0.04. The DRQ was correlated with the glucose disposal rate (r ¼ 0.31, P ¼ 0.03) but not correlated with fasting plasma glucose, insulin, adiponectin or any other anthropometric or biochemical parameter. Percent of total EE oxidized as fat during hyperinsulinemia therefore fell significantly, by close to 40%, in comparison with baseline values (Po0.001). In absolute terms, the GOX increased by 0.06 g/min (median), whereas the fat oxidation dropped by 0.02 g/min (median), and the changes in these values were significantly different from zero (Po0.001, Wilcoxon signed ranks test, Table 2 ). NOGM was inversely correlated with the baseline GOX (r ¼ À0.54, Po0.001) and positively correlated with the glucose disposal rate (r ¼ 0.33, P ¼ 0.02). The increase in GOX was about 40% of the basal GOX rate, whereas fat oxidation fell by a similar amount. Table 3 shows the Spearman's rank correlations between IS and other variables. Figure 1 Ln(IS) and either %BF, %ALST or SMVC. Significant negative correlations were obtained between IS and %BF as well as BMI (Figure 2 ), whereas significant positive correlations were obtained between IS and %ALST, and SMVC (Table 3) . The strongest correlations were with the BMI and %BF. The correlation between IS and the ratio of appendicular fat to central fat (total body fat-appendicular fat) was 0.02, which was not significant. Plasma adiponectin showed a significant negative correlation with waist/hip ratio (r ¼ À0.33, Po0.04) and positive correlation with SMVC (r ¼ 0.36, Po0.03) but not with IS. There was no significant correlation between IS and any of the serum lipid levels or hs-CRP. There was a significant correlation between IS and mean change in percent fat oxidation (hyperinsulinemia-baseline) (r ¼ 0.32, P ¼ 0.02). None of the anthropometric, biochemical or functional parameters were associated with incremental GOX or LIPOX. However, NOGM significantly correlated with SMVC (r ¼ 0.29, P ¼ 0.048).
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A stepwise multiple linear regression of Ln(IS) on BMI, %BF, %ALST, SMVC, static and dynamic endurance and waist/hip ratio was performed. Among all these variables, only BMI and %ALST entered the regression model and together, they explained 49% of the variance in Ln(IS) ( Table 4 ). In a stepwise multiple linear regression of NOGM on SMVC and static endurance that were significantly correlated with NOGM, static endurance alone was significant and explained 10% of the variance in NOGM. ). All correlations were significant, data in Table 3 . 
Discussion
The linear relationship between BMI, body fat and IS is well defined in migrant Indians studied in other countries (Banerji et al., 1999; Chandalia et al., 1999; Raji et al., 2001; Misra and Vikram, 2002) . However, this relationship has been defined in subjects across a generally higher BMI range, encompassing overweight and obese subjects with a lower BMI limit of approximately 20 kg/m 2 (Banerji et al., 1999) .
Because about 30% of adult Indians have a BMI less than 18.5 kg/m 2 (NFHS-3, 2005 (NFHS-3, -2006 , it was worthwhile to assess the IS in this apparently low-risk group for diabetes, as Indians are thought to have higher body fat for similar BMIs when compared to other ethnic groups (Chowdhury et al., 1996; Bhat et al., 2005) . The present data demonstrate that the linear relationship between BMI, %BF and IS persists for Indians of relatively lower BMI, but importantly, that body muscle mass is also an important predictor of IS. Plasma adiponectin has been found to be lowered in Asian Indians (Abate et al., 2004) and was related to truncal obesity, which was also found in the present study. The substrate oxidation rates changed as expected during the hyperinsulinemia of the clamp with a significant increase in RQ resulting in a 40% decline in fat oxidation. The DRQ is considered to be an index of metabolic flexibility (Kelley and Mandarino, 2000) , and reflective of muscle metabolism assuming that muscle RQ is directly correlated to whole-body RQ (Kelley et al., 1994) . This was significantly correlated with glucose disposal rate in the present study indicating a dependence on glucose transport across membranes, but not correlated with fasting plasma glucose, insulin or adiponectin as has been demonstrated in obese or diabetic subjects (Galgani et al., 2008a) . Although correlations between fasting and metabolic flexibility might be expected (Galgani et al., 2008b) , none such was found in the present study possibly because the subjects had normal to low BMI, ate fairly monotonous diets and had a standard meal the night before the study. About a third of the glucose metabolized was disposed off as NOGM, and this is similar to what has been reported earlier (Henriksen et al., 2000) . However, the NOGM, as well as the incremental GOX or LIPOX, was not associated with any of the anthropometric variables that were correlated to IS. The muscle mass (expressed as a percentage of body weight) did not show as good an independent bivariate relationship with IS as did %BF; however, it was the sole variable, along with BMI, that entered into the multiple linear regression model to predict IS. Although muscle is an important location for glucose disposal and therefore IS, it is also possible that a lowered muscle mass, along with reduced muscle oxidative capacity, as has been shown in type II diabetic patients (Oberbach et al., 2006) , is an important determinant of whole-body fat oxidation and therefore, fat balance (Morio et al., 2001) , thereby creating an interaction between fat and muscle mass. Exercise and muscle contraction acutely activates glucose transport independent of insulin, and is associated with later effects on IS (Holloszy, 2005) . Although aerobic exercise can improve IS through defined biochemical mechanisms in muscle (Perseghin et al., 1996; Henriksen, 2002) , resistance exercise has also been shown to improve whole-body IS in healthy men, through the acute reduction of intramyocellular lipids (Koopman et al., 2006) . Therefore, in populations with historically lower muscle mass (Deurenberg-Yap et al., 2002) , and particularly in relatively low BMI individuals, the muscle mass may be a relevant body compositional factor to consider in the determination of IS.
The relationship between muscle function and IS is difficult to explain in terms of cause and effect, and may be interrelated. For example, it is possible that a lowered muscle function may lead to lowered physical activity, a positive energy balance, greater deposition of intramuscular lipid and further lowering of muscle strength, leading to a vicious cycle. The lack of correlation between indices of muscle endurance, which would presumably be more dependent on mitochondrial function, and IS might suggest that mitochondrial dysfunction was not present in the present study group, who were clearly not insulin resistant and young. Further, a recent comparative study of SM mitochondrial oxidative capacity in Asian Indians and Europid Americans showed that the former had a higher oxidative capacity irrespective of their diabetic status (Nair et al., 2008) . Alternatively, it may be that we need to measure muscle function more comprehensively, in terms of muscle groups or whole-body exercise.
The present study demonstrates that even in a low to normal BMI range, subjects with a low BMI are more insulin sensitive than those with a relatively higher, albeit normal BMI. Thus, BMI was negatively associated with IS, and explained 40% of its variance. Importantly, ALST, representing appendicular SM mass, was positively correlated with IS and explained an additional 10% of the variance in IS. The critical consideration therefore is whether IS could be improved in individuals in the high/normal BMI range, by the improvement of the relative muscle mass while conserving the BMI; more studies are required in this area.
